An international comparative analysis of causes of variation of PEV sales rates per capita in selected U.S. states, Canadian provinces, and European Nations is conducted. 2014-15 light-duty PEV registrations/sales by make and model are examined, drawing heavily on 2014 data for aggregate comparisons. States, provinces, and nations with PEV success, but with widely varying PEV purchase incentives and charging infrastructure installations are examined. The paper focuses particularly presence or absence of long daily distance charging options for PEVs. Four questions are addressed. (1) European evidence is that PHEV powertrains are a very marketable option for large family vehicles. For small BEVs BMW i3 sales patterns indicate that range extension beyond 120 km but less than 240 km via gasoline significantly increases market share. BEV inter-city functionality provided by aggressive installation of DC fast charging was critical to overall PEV success in Norway. Norway, like Northern Europe and Canada has a utility network that is winter peaking, which allows provision of peak summer BEV long-distance charging needs without difficulty. This is not the case for the U.S., which is summer peaking. The reviewed states, provinces, and nations vary considerably in seasonal peak temperature extremes. These climate differences have a significant bearing on the local viability of PHEVs vs. BEVs. The long distance DC fast charging infrastructure investments needed to support BEV market success are not as large when PHEVs are preferred by consumers.
Introduction

Broad questions about which technology innovation paths to promote
This paper presents results of an international comparative analysis of 2012-15 light-duty PEV registrations/sales by make and model, drawing heavily on 2014 data for comparisons across U.S. states, Canadian provinces, and European nations. Selected states and nations with widely varying PEV purchase incentives and charging infrastructure installations are examined to assess the influence of these choices. The paper focuses particularly presence or absence of long daily distance charging options for PEVs. Four questions are examined. (1) What to date has been the best technological package to provide vacation and recreation travel capability for PEVs? (2) How important was range extension (beyond 120 km) to the overall marketability of such PEVs? (3) Is a standard method of range extension for intercity travel likely to emerge from the multiple competing technological options? (4) What infrastructure incentives to support PEV sales are the best options for possible U.S. state supplements of the reviewed policies?
The paper has a U.S. centric bias. The examination of both Europe and Canada is intended to broaden the perspective of a policy discussion that is primarily U.S. oriented. With regard to regulation of the light duty motor vehicle in the U.S., there are two fundamentally different paths that states may adopt. Regulations developed by the California Air Resources Board (CARB) may be followed, or federal regulations set by the U.S. Environmental Protection Agency (EPA). CARB and EPA both have "criteria pollutant" and Greenhouse Gas (GHG) regulatory authority. Criteria pollutant authority has existed for several decades. GHG regulation is relatively new.
Adoption of CARB regulations means that the state will have "zero emissions vehicle" (ZEV) regulations. These regulations are complex. For our purposes, the policy issue is whether or not CARB ZEV regulations impede the U.S. introduction of plug-in electric drive vehicles that could sell in large numbers. The historical intent of the CARB regulations has been long-term technology development of vehicles that will always have zero tailpipe emissions. Elimination of gasoline combustion within metro areas with significant air quality problems has been a long term goal. For the near-term, as a part of the technology development strategy, plug-in vehicles that can run both on electricity and gasoline are awarded credits. The CARB regulations evolve slowly and involve a lot of interaction with industry concerning specific proposals for vehicle configurations that can contribute to CARB long-term goals.
A current debate is whether or not more kilometers of travel will be electrified via sales of Battery Electric Vehicles (BEVs) or Plug-in Hybrid Electric Vehicles (PHEVs) of various types [1] . This debate assumes an either/or trade-off. Authors of [2] raise the more interesting question. Rather than finding the best single plug-in vehicle for a household, search for the best combination of two vehicles in multi-vehicle households. Authors of [2] conclude that a "PHEV and modest-range EV in multi-vehicle households will always be more cost-effective means to electrify personal travel than are general-purpose EVs." Although [2] estimates that many multi-vehicle households should find this combination acceptable, acceptable is not the same as desirable. It may be important for short-range battery electric vehicles (BEVs) to have a gasoline range extension feature as an option for occasional long-distance travel to be widely acceptable, even in multi-vehicle households. The other option is to seek full function long-distance capability for a small and large pair of "general purpose" BEVs, with significant new electric charging infrastructure placed between cities. This paper addresses these questions by focusing on sales patterns for available vehicles across states, provinces, and nations that have adopted very different strategies with respect to the best first step in PEV technology promotion. If the long distance travel capabilities of PHEVs are so superior to BEVs that the sales volume of PHEVs, and total gasoline saved could be much higher, then it would be desirable to adapt regulations to encourage (or cease to discourage) the technology packages that will sell in much larger volume. This paper goes beyond the discussion of best PEV design to consider grid impacts of the alternative choices should widespread success be obtained.
The U.S., Europe, Canada, and other nations are promoting plug-in vehicle technology development with combinations of regulation and financial incentives. Present fuel economy and greenhouse gas regulations in North America and Europe vary significantly from one another. Driving patterns are also very different, with Europeans traveling considerably less annual miles than North American drivers. Resulting differences in manufacturer vehicle offerings and consumer responses are testing assumptions about which technology innovation path to promote.
A summary of U.S. findings
In companion papers [3, 4] we have addressed 2014 U.S. consumer behavior patterns without looking at lessons from Canada and Europe. When we divided the plug-in vehicles available into three market segments based on price (Tables 1-3) , it was observed that the PHEV obtained largest shares of total available plug-in vehicles (PEVs) in the low price segment, while the BEV captured the largest share in the high price luxury/performance segment. In the low price segment (Table 1) , the rated range of the BEVs varied from 100 to 135 km. In the luxury performance market (Table 3) , the rated range of available Tesla Model S powertrains was from 335-434 km. Thus, as driving range of BEVs increased, they captured a larger share of the PEV market, but this was only accomplished for large vehicles within the luxury/performance segment.
Another factor addressed in these two papers was the effect of climate on mix of BEVs vs. PHEVs. Since the actual real world range of the BEV declines significantly at extreme temperatures, particularly in the cold, BEV shares were reduced as buyers shifted to PHEVs to assure extreme temperature range. U.S. states were divided into three climate groups -cold, warm, and moderate. Only the three Pacific Coast states (California, Oregon, and Washington) had moderate temperatures according to our definition (see Fig. 1 ). Although these three states did have some of the highest amounts of PEVs among registered vehicles, the hypothesis that BEV share would be best in those locations did not hold for the shorter range BEVs -those in Tables 1 and 2 . However, when the range of the BEVs were 335km and above, making the BEV more suitable for intercity trips, the hypothesis was supported and the average share of BEVs was highest in the moderate temperature states. Generally, our analysis of 2014 registrations data was consistent with the findings of [5] that cold temperatures reduced BEV share of U.S. PEV registrations in 2013. Norway is of particular interest because it clearly is an outlier with respect to accomplishing a large share of BEVs in a relatively cold climate. Oslo, Norway is colder than most, but not all major U.S. cities. However, exhibiting a coastal weather effect, Bergen and Stavanger qualify as moderate, while Trondheim would be in our warm category. Generally, compared to the U.S., Northern Europe has a much milder climate, which should make it a more favorable location for BEVs (Table 2 ). In the plot below Mediterranean nations are not included. The dots with more than10% frigid temperatures on winter peak days are for cities in Norway and Estonia. Otherwise, major northern European large cities have moderate climate. 
Grid capacity vs. charging load from long distance travel
The absence of very hot summers in Northern Europe has an influence on the electrical loads of the grid. Where the United States grid loads are summer peaking, those in Northern Europe are winter peaking [5, 6] . This is relevant for the cost impacts of the likely electrical loads that would be imposed by BEVs traveling extra miles due to long distance driving in the summer (or winter) peak. The authors of [8] divide U.S. long-distance pleasure travel into two categories -visiting friends and relatives (VFR) and other leisure. They find that the average distance of such trips is about the same, 962 km for VFR and 816 for other. The timing of the VFR trips involves a fourth quarter (Oct.-Dec.) peak share of 30%, while other leisure travel is summer peaking, with 39% occurring in the July-Sept. quarter. The overall long distance profile is summer peaking. For Northern Europe this would not be a problem, since there would be extra capacity in the summer. However, in the event of mass-market success of general purpose BEVs in the U.S., long distance summer travel by those BEVs would cause a need for more summer generation capacity. It should be noted, however, that the seasonal load profile should be considerably more favourable than for air conditioning. However, this does not consider the possibility of rather sharp longdistance travel peaks on holidays.
We extended our U.S. investigation to Canada. Quebec, like Norway, is a hydro dominant electric generation location that is winter peaking [9] , as is British Columbia [10] . Northern hydro-based electric generating systems that are winter peaking have extra capacity for summer charging of long-distance travel needs of general purpose BEVs. From a carbon emissions reduction perspective these are excellent locations to promote PEVs. Encouragement of the general purpose BEV would be in the interest of increasing the summer seasonal use of the existing grid, probably without any need for generating capacity additions.
Only three provinces subsidized PEVs. These were British Columbia, Ontario, and Quebec. Among Canadian cities, Vancouver in British Columbia had a moderate Pacific Coast climate, like the U.S. states with a Pacific Coastline (Fig. 3) . Otherwise, Canadian cities were generally colder than those in the Northern U.S. Quebec is significantly colder than the coldest city in Norway, Oslo. Ontario is comparable in climate to Norway, though probably colder on average. Major Ontario cities are on Lake Ontario and are warmer than Oslo. In seasonal temperature terms, Toronto Canada is very similar to Trondheim Norway. Fig. 3 Peak extreme temperature shares of Canadian cities (Weatherspark.com, averages).
Weather influences, but does not dominate BEV vs. PHEV choice
While the overall 2014 BEV share for Canada, at 54% was higher than in the U.S., at 47%, the pattern of BEV shares among the three provinces with subsidies did show the expected patterns related to temperature. Cold Quebec had 45% BEVs, Ontario had 58%, and moderate temperature British Columbia had 73%. Without Norway, the 2014 European BEV share was 49%. The climate trends in North America implied a higher BEV share in Europe. A candidate explanation for the low BEV share in Europe is the presence of a very popular PHEV model not yet available in the United States -the Mitsubishi Outlander PHEV.
The Outlander PHEV would fit in our mid-market segment (Table 2) . It is considerably less expensive than the Porsche S-E Hybrids, has a larger battery pack and more range. Looking at its U.K. rating relative to the Porsche's, we estimate it could be rated at about 35 km range under U.S. tests. Multiple U.S. states have selected incentives that are lowest for PHEVs, while some have given no incentives. The Outlander, with a 12 kWh battery pack, would qualify for a U.S. federal incentive of $5833. Its range would be less than the cut-off point for highest PEV subsidy in several U.S. states. Since its introduction in Europe in 2013, the Outlander PHEV SUV has about doubled the sales of the more expensive leading general purpose BEV, the Tesla [11] . A point made in [3] was that once California and Georgia ($5000 BEV-only subsidy) were removed from the U.S. data set, Ford PHEVs and General Motors extended range electric vehicles (EREVs) far outsold BEVs in the mass market consumer segment (Table 1) .
Background/Classification
Two major classes of PEV are examined: (A) plug-in hybrids (PHEVs) -PEVs that allowed an engine to provide power assist during battery charge depletion; (B) Battery electric vehicles (BEVs) that never allow an engine to provide power assist. Within the PHEV class there are three important sub-classes. The "blended" mode PHEV allows the engine to assist the battery at times during charge depletion, and operates as a hybrid once the battery pack is depleted. These powertrains are complex. The Ford Energi system and Prius Plug-in Hybrid system are of this type. The extended range electric vehicle (EREV), such as the Chevrolet Volt and Opel Ampera, also uses a complex hybrid powertrain that is operated on gasoline once the battery has been depleted. However, it never allows the engine to assist electric drive while the battery is being depleted. The range extended electric vehicle (REX), such as the BMW i3 REX, uses a relatively simple "series" hybrid powertrain to allow the vehicle to run on gasoline once the battery pack has been depleted. Certain types of REX, as defined in California Air Resources Board (CARB) regulations, can earn regulatory credits as if they are BEVs. These are called BEVx vehicles.
In 2011 [12] CARB proposed that this new subclass of BEV be created, called the BEVx. This BEV would be allowed to have an "auxiliary power unit" (APU) that would allow driving on gasoline (or other future low greenhouse gas (GHG) fuels for a range equal to or less than the range of electric operations. These vehicles must have an electric range of 80 miles in a rather undemanding driving test. The APU could not be operated until the battery pack was completely empty. Thus a tested total range of 160 miles would be the maximum allowable. Limited top speed on gasoline was requested by CARB. Such vehicles were said to allow "improved regional driving capability" but "not use for long-distance driving". Half of a manufacturers' full ZEV credits could be met with such vehicles. In 2012 this [12] was made a part of California regulations applicable to 2017. BMW, the leader in advocating this technology, produced it (i3) and is selling it, with both a BEV (i3) and BEVx (i3 REX) version. The REX federal window sticker estimated range under more aggressive testing than for CARB certification, is 72 miles. Total range is 150 miles 
Methods
Records of new plug-in electric vehicle (PEV) sales or registrations for model years 2014-2015 for the U.S., Canada and Europe are examined.
Two kinds of battery electric vehicles (BEVs) -those using only electrical power without an internal combustion engine (BEV) or BEVs that use internal combustion engines to support range extending hybrid operation, but only after battery charge depletion (General Motors Volt/ELR/Ampera and the BMW i3 range extender) (BEVx). For the BEVs, there were seven competing technological options to provide refuelling beyond the charge depletion distance: (1) SAE level 1 charging (2) SAE level 2 charging (3) gasoline supported HEV operation (4) battery swapping (5) Tesla's superchargers (6) Japanese developed CHAdeMO fast charging (7) SAE Combo fast charging. DC Fast chargers (items 5-7) and Level 2 charger (item 3) totals are compiled. Tables 1-3 shows the type of DC fast charger used by make and model. Note that, in all but one case, the DC fast charger is an option. The BEV with the shortest range, the Mitsubishi MiEV came with a standard CHAdeMO DC fast charger. Note that none of the U.S. PHEVs in 2014 was equipped with a DC Fast charger. The European Mitsubishi Outlander PHEV, however, does come equipped with a DC fast charger. All PEVs being discussed are capable of SAE level 1 and 2 charging. It is generally recognized that SAE level 1 charging is primarily for overnight charging at residences. However, it is also an option for workplace charging, where vehicles are parked a long time. Options 3-7 support long-distance travel.
Taking the need of member states to make focused infrastructure investment choices among these seven options, case study is used to determine causes of success and failure in the presence of significant financial PEV purchase incentives that were greatest for the BEV, or exclusive to it. Cases of unusual success in terms of PEV vehicle share were the states of California, Georgia, Oregon and Washington in the U.S. and Norway and Estonia in Europe.
To gauge the completion between long distance driving fuel option 3 (i.e. PHEV, EREV and REX) vs. charging options 2 and 5-7 (BEV), we compiled Level 2 charger counts and cumulative numbers of DC fast chargers (5-7) to gain an overview perspective. Influence of presence or absence of financial incentives for PEV purchase is examined.
Within a number of different groupings we examine the share of PEV class A (gasoline long distance assist) vs. class B (only electrical operation).
In closing, we consider selected trends in class A vs. B sales from 2014-2015.
Results
2014 PEV success, charging infrastructure and financial incentives
Our first comparison is a cross-section for 2014 (Table 4) . We collected and adjusted data from a number of sources, compiling values as comparable as we could [11, [13] [14] [15] [16] [17] [18] [19] [20] [21] . Table 4 . 2014 PEV success, charger intensity and financial incentives by state, province and nation.
In all cases highly successful PEV market penetration was achieved in member states that had significantly stronger total incentives for the BEV than for the BEVx, EREV, or PHEV. BEV exclusive incentives had the intended effect, driving BEV shares above 90% (Estonia, Denmark, Norway, Georgia). However, significant financial incentives for BEVs without sufficient supporting investment in charging infrastructure significantly diminished the 2014 BEV sales per capita (Estonia and Denmark vs. Norway; Georgia vs. Norway). Between the Netherlands and Michigan, both ignoring DC fast charging, the level of investment in Level 2 charging appears to have been important. However, the Netherlands also subsidized PEVs. Looked at another way, when very little DC fast charging was provided, consumers did not purchase BEVs (Netherlands, Michigan).
Vermont and Oregon had about the same vehicle incentives and charging infrastructure availability per capita. Colder Vermont had a much smaller share of BEVs.
In cold Canada, most provinces chose not to subsidize PEVs. In the absence of any subsidy of 2014 PEVs, sales shares were very small ("Other Canada" vs. all other cases). When Quebec and Ontario subsidies were similar to the U.S., and infrastructure availability was greater (compare to Michigan), PEV sales per capita were lower than in the U.S. location. Generally, Canadian PEV sales per capita were lower in provinces that provided vehicle incentives and infrastructure than in warmer U.S. locations with a similar mix of PEV support.
Norway's success is even more impressive when the drawbacks of cold temperature are taken into consideration. Norway's results show that very strong across the board incentives, including intensive support of public charging infrastructure with both Level 2 and DC fast capability, can lead to market success for BEVs. On the other hand, this also illustrates that accomplishment of that goal was quite expensive.
The expense of sustaining BEV and PEV sales has caused some of the states that did so to take steps to cut subsidy costs. Three U.S. states that provided significant added (to federal incentives) support to PEV implementation in 2014 have reduced their support. California and Washington have restructured vehicle incentives to avoid subsidizing the PEVs in Tables 2 and 3 . Georgia, among U.S. states the closest to Norway, has completely eliminated its BEV incentive, leading to sharp declined in sales of the Nissan Leaf. In Europe, Estonia ceased subsidizing BEVs. BEV sales stopped growing, but remained relatively steady [11] . The Netherlands modified its incentive program, leading to a temporary sharp drop in Mitsubishi Outlander sales.
Competition between PEV type A (PHEV, EREV, REX) and type B (BEV)
BMW i3. For U.S. policy purposes, our interest is whether or not the regulatory and financial systems might be impeding the development and implementation of a PEV type that might receive significant consumer acceptance. Our investigation is directed at the degree of desire for convenient long-range capability by consumers interested in PEVs generally. As Table 4 indicates, those states or nations that have strongly promoted BEVs and PEVs have done so successfully. If we include them in our investigation of consumer preferences for the nation, a biased result will be obtained. At the present time in the U.S., the only relatively "clean" test of the degree of preference for a range extension option is the BMW i3 and the i3 REX. To satisfy CARB regulators, the i3 REX is intentionally hobbled with respect to gasoline range (Table 2 ) and performance.
We removed the California and Georgia i3 sales results from our records of 2014 registrations. We found that 34% of i3 sales were for the BEV. Under CARB rules, only 52% of i3 REX sales would qualify for ZEV credits (34/66), even though it might be possible that the average REX would electrify more miles because of greater average use. We used the European Alternative Fuels Observatory [11] website and removed Norway from the overall PEV sales totals, then computed i3 BEV share. In 2014 the share was 48%; in 2015 42%. For Canada [22] , we were only able to get "total Canadian EV fleet" numbers. The national share was 41%. The weather effect showed up in the provincial totals. Cold Quebec had 35%, Ontario 39%, and mild British Columbia 46%.
Volkwagen e-Golf and Golf GTE. Volkswagen, like BMW, now has both a type A (PHEV) and B powertrain in the same model, the Golf. The BEV, the e-Golf was introduced first. The PHEV Golf GTE followed soon after. The e-Golf is the only one of the two models available in the U.S. Neither model was available in Canada. In Europe the BEV share was 54% in 2014, dropping to 12% in 2015, as Golf GTE sales jumped dramatically.
Mitsubishi Outlander PHEV. Although the arrival of the Outlander PHEV in North America has been announced in the past, the date has slipped. If it were available, it would fit into the mid-market group, based on list prices reported in the United Kingdom. In our companion paper [4] , we estimated the mid-market share of BEVs in states without PEV incentives, obtaining an estimate of 37%. In states with relatively neutral BEV vs. PHEV incentives, we obtained a share of 43%. If we look at the same midmarket class in Europe there is a very large difference in the membership of the set. The Outlander PHEV SUV, which has all-wheel drive, is inexpensive enough to fit into the mid-market price range. Though they do not yet directly compete, it is considerably less expensive than Tesla's general purpose luxury/performance Model X SUV BEV with all-wheel drive. At the present time, if the Outlander is placed into the mid-market category, less than 15% of that portion of the European market would be BEVs.
While it is early in the period of evolution of PEVs, recent trends in Europe support the argument in [2] that the PHEV is the best alternative for the larger vehicle in multi-vehicle households. Consistent with [2] , the greatest success of BEVs in Europe [11] is in smaller vehicles with limited range.
Aggregate evolution. While the luxury/performance sector represents a small portion of the market and therefore a small proportion of total gasoline consumption, it is of interest as a launching pad for advanced technology. 23% of long-distance trips for visiting friends and relatives are by air, and 16% of vacation trips are by air [8] . For customers who do not intend to use a vehicle for such long-distance travel, range needs may be more limited. Possibly this market is not yet saturated. In the luxury/performance market in North America, the general purpose BEV continues to do well.
In contrast to the market expanding European shift to the mass and mid-market PHEV SUV, North America was limited by PHEV availability problems in 2015. North America continued to see expanding success of the long-range luxury/performance Tesla "general purpose" BEV models. Tesla sales increased in 2015 compared to 2014 in both the U.S. and Canada. Unfortunately, while the Tesla increased sales and captured more share, mass market PEVs in North America suffered. Two PHEV models were "in transition". The Plug-in Prius was not available, as the old model was discontinued. Supplies of the Chevrolet Volt were limited during a model change-over. With PHEV supply limited, overall North American PEV sales were stagnant, while BEV share rose as Tesla success offset sharp Nissan Leaf declines [3] .
In 2014 without Norway included, the BEV share in Europe was 49%. In 2015, after very successful sales years for new Volkswagen Group PHEVs (Golf GTE and Audi A3 e-Tron), BEV share dropped to 34%. The phenomenon was not confined to Europe as a whole. Norway altered incentive rules to allow some PHEVs to obtain support. In Norway the BEV share also dropped -from 92% to 78%.
Conclusions
Greatest PEV market success to date has been accomplished with a balanced combination of vehicle incentives and infrastructure investment.
Convenient long-distance travel capability in larger family sized PEVs is essential for market success. Achieving PEV success in such vehicles is important to realize significant fleet-wide gasoline and greenhouse gas reduction. If long-range general purpose BEVs are the chosen path these must be supported by extensive investment in DC fast charging facilities. For the United States, if such a path were exclusively followed, it could cause needs for additional generating and grid capacity to provide electricity for summer travel, when the U.S. system peaks. Canada and Northern Europe do not have this problem since their utilities are winter peaking.
Determination of the most cost effective means of achieving mass market success in electrifying national fleet kilometres has been investigated. Results suggest that inclusion of a full function hybrid mode option in the PEV portfolio of a manufacturer can greatly increase overall mass market success of the manufacturers' electric drive powertrain investment.
